Abstract: This paper is focused on developing a compensation module for reducing the thermal errors of a computer numerical control (CNC) milling machine. The thermal induced displacement variations of machine tools are a vital problem that causes positioning errors to be over than 65%. To achieve a high accuracy of machine tools, it is important to find the effective methods for reducing the thermal errors. To this end, this study first used 14 temperature sensors to examine the real temperature fields around the machine, from which four points with high sensitivity to temperature rise were selected as the major locations for creating the representative thermal model. With the model, the compensation system for controlling the displacement variation was developed. The proposed model has been applied to the milling machine. Current results show that the displacement variations on the x-and y-axes and the position error at the tool center were controlled within 20 µm when the compensation system was activated. The feasibility of the compensation system was successfully demonstrated in application on the milling operation.
Introduction
Position accuracy is one of the critical performance factors affecting the machining precision of machine tools in operation. According to the studies [1, 2] , thermal deformations may be responsible for 40%-70% of geometrical inaccuracies of machine tools. To reduce the influence of the thermal induced errors, some techniques associated with the compensation schemes have been developed and implemented in the machine tools, including implementation of thermally symmetrical machine design [3] [4] [5] , the introduction of additional cooling systems [6, 7] and thermal deformation compensation [8] [9] [10] . Although optimization designs of machine tool structure are an effective way to reduce thermal errors, thermal displacement cannot be completely avoided since the external and internal heat sources under varying operating conditions cannot be accurately predicted at the design stage. Compensation techniques are considered essential methods for reducing the positioning errors and hence increasing the working accuracy [11, 12] . Thermal problems are more complicated than geometric problems because the temperature field of a machine tool changes constantly with the working cycle and the environmental conditions. The development of an effective thermal error compensation system greatly depends on the accurate prediction of the time-variant thermal errors. Most thermal error compensation studies have focused on the measurements of the thermal characteristics and then the establishment of thermal-induced error models with accurate prediction based on empirical approach [13] [14] [15] . Generally, the most common model for prediction of thermally induced displacements is obtained by multiple linear regressions [16, 17] . Recently, different kinds of
1.
Heat Conduction: heat can transfer from higher temperature to a lower one mainly by means of the solid medium, which can be described by following equation:
q " kA dX dT (1) where q is heat conduction, k is conduction factor of the medium, A is the area of contact surface, dX is the distance between the ends, and dT is the temperature difference between the ends. 2.
Heat convection: heat is delivered naturally from one side to another by affecting the volume and density of the media, which can be described by the following equation:
where q is heat convection, h is convection factor, A is sectional area, and ∆T is temperature difference between the ends. 3.
Heat irradiation: Heat is delivered through electromagnetic wave, independent on any media, which can be described by following equation:
where σ represents Stefan-Boltzmann constant, A is the radiating surface area, and T 1 and T 2 are the temperatures at two radiating surfaces.
Generally, there are three kinds of heat sources inducing the thermal deformation (Figures 1 and 2 ). Firstly, the thermal deformation exists in the rotating spindle and ball-screw, which causes the thermal expansion of the internal components and hence the structure bending deformation of the machine tools. Secondly, there are errors of volume induced from structure construction in assembly error and between different mechanisms. Finally, errors of the controlled system are due to the interpolation errors of the CNC controller or errors of the servo system. These different kinds of errors should be overcome for precision manufacturing industry. 
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where σ represents Stefan-Boltzmann constant, A is the radiating surface area, and T1 and T2 are the temperatures at two radiating surfaces. Generally, there are three kinds of heat sources inducing the thermal deformation (Figures 1  and 2 ). Firstly, the thermal deformation exists in the rotating spindle and ball-screw, which causes the thermal expansion of the internal components and hence the structure bending deformation of the machine tools. Secondly, there are errors of volume induced from structure construction in assembly error and between different mechanisms. Finally, errors of the controlled system are due to the interpolation errors of the CNC controller or errors of the servo system. These different kinds of errors should be overcome for precision manufacturing industry. 
Thermal Model
Thermal error identification is one of the crucial steps for a successful thermal error modeling and compensation. It would be a practical thought that the deformations or displacement variations at certain points of machine tools due to thermal error can be obtained by measuring the temperature of the major points on the machine and other possible variables. However, it is a prerequisite to establish a compensation model about the thermal induced variation in displacement. Essentially, there are two methods for establishing the thermal model of the machine tool system [2, 6] .
Theoretical model
This method was implemented based on the numerical analysis through the finite element approach [5] . Generally, the temperature distributions of a milling machine are predicted based on differential formulas according to the heat transfer analysis. The thermal induced deformations are then calculated based on theory of elasticity through the finite element method. In this model, the determination of possible heat sources existing in different mechanism is prerequisite, but it is a difficult task to obtain the accurate data describing the heat flux generated in the various transmission components, which further results in the unrealistic model for thermal compensation.
Data-driven model
Generally, the thermal model can be practically established based on the collected parameters of the system by means of the different methods, including the statistics model, exponential function, multiple regression, non-linear multiple regression, neural networks, expert system and fuzzy theory.
In this study, the multiple linear regression analysis is employed to describe the correlation between axial deformation and temperatures. Regression analysis is characterized by the general form:
The multiple linear regression is defined as a linear combination of several independent variables and one dependent variable in the form: 
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The multiple linear regression is defined as a linear combination of several independent variables and one dependent variable in the form:
where β i , i = 0, 1, 2, . . . is the regression coefficient, ε is the total truncation errors. This system can also be written in matrix form: rYs " rXsrβs`rεs
In the above, the regression coefficients can be obtained by using the well known least-squares method.
Experiment Approach

Experiment Setup
The milling machine used for experiment was made by the Quaser machine tool company (MV204C) (Taichung, Taiwan), as shown in Figure 3 . The main specifications are: a spindle unit of 12,000 rpm, three axes linear guide modules (X, Y ball guides and Z roller guide), auto-lubrication system and Heidenhain 530 controller (Heidenhain, Berlin, Germany). Before creating the thermal model, it is necessary to realize the temperature distribution fields of the whole machine. This can also help to determine the critical points associated with the temperature fields dominating the thermal model of the machine.
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Initial Measurement
In precision machine tools, the main heat sources may come from the cutting process and the transmission mechanism. The heat generated in operation distributed among the workpiece, the chips, and the coolant. The majority of heat (60%-80%) is carried away by chips and eventually will be transferred to the coolant, while the heat sources in the feeding mechanism include the 
In precision machine tools, the main heat sources may come from the cutting process and the transmission mechanism. The heat generated in operation distributed among the workpiece, the chips, and the coolant. The majority of heat (60%-80%) is carried away by chips and eventually will be transferred to the coolant, while the heat sources in the feeding mechanism include the mechanical motion components and electrical driven components. Therefore, considering the milling machine used in this study, 14 temperature sensors were used to be placed at different locations, as shown in Figure 4 , including the main heat sources, such as the spindle driven motor, and the other parts such as the vertical column and machine base where the heat can be conducted from heat sources.
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The measurement was performed for 48 h under spindle running at 7200 rpm. The temperature rises measured at the 14 points are illustrated in Figure 5 . As expected, some major sites near the spindle bearings, transmissions belt and driven motor show significant temperature increments, which can be the candidates for the temperature variables in the thermal model.
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Measurement of Major Temperature Fields
After the initial measurement, three points were selected to be measured for creating the thermal model. In addition, the fourth point was located at the machine base to measure the environmental temperature as a reference to the temperature fields of the machine. As listed in Table  1 , there are four sensors mounted on the machine to capture the required temperature data. The locations of the sensors are shown in Figure 6 , in which T1 is located at the rear bearings of the spindle, T2 is located at the heat source of the belt transmission with greater frictional effect between belt and pulleys, T3 is located at spindle motor, T4 is mounted on the machine base where the temperature is controlled at around 28 °C. In addition, four non-contact displacemeters were used to detect the variations of the displacement of the working table along the x-, y-and z-axes (Figure 7) . Formal measurement continued after the confirmation of the collecting data for 48 h of spindle Figure 4 , including the main heat sources, such as the spindle driven motor, and the other parts such as the vertical column and machine base where the heat can be conducted from heat sources. The measurement was performed for 48 h under spindle running at 7200 rpm. The temperature rises measured at the 14 points are illustrated in Figure 5 . As expected, some major sites near the spindle bearings, transmissions belt and driven motor show significant temperature increments, which can be the candidates for the temperature variables in the thermal model. 
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Application of Compensation Module
Following the above experiments, the thermal model was created based on the major temperature fields measured at the major points and the displacement variations of the working table. Then, the hardware module for compensation of thermal induced error was established, as shown in Figure 9 , which mainly consists of the 8-bit microprocessor PIC18F6520 with 32 KB flash rom. The interactive communication and calculation for compensation protocol between data 
Following the above experiments, the thermal model was created based on the major temperature fields measured at the major points and the displacement variations of the working table. Then, the hardware module for compensation of thermal induced error was established, as shown in Figure 9 , which mainly consists of the 8-bit microprocessor PIC18F6520 with 32 KB flash rom. The interactive communication and calculation for compensation protocol between data sensors and microprocessor was shown in Figure 10 .
To verify the feasibility of the proposed thermal error compensation module in the practice of machining, this system was applied to investigate the positioning precision of the milling machine. The testing procedures are described briefly as follows: (1) Initial running of spindle for 48 h to ensure the measuring points on the machine tool, which can satisfy the desired temperature fields of thermal model. (2) Operating the spindle at 60% of full speed for 400 h-then, turning off the spindle and ensuring the x-y table and the spindle nose return to their initial positions. (3) Performing the test by running the spindle at 90% of full speed for 400 h, in the meantime, recording the displacements of the table on the x-and y-axes and spindle nose on the z-axis. (4) Activating the compensation module to remove the displacement error due to temperature rise. 
Following the above experiments, the thermal model was created based on the major temperature fields measured at the major points and the displacement variations of the working table. Then, the hardware module for compensation of thermal induced error was established, as shown in Figure 9 , which mainly consists of the 8-bit microprocessor PIC18F6520 with 32 KB flash rom. The interactive communication and calculation for compensation protocol between data sensors and microprocessor was shown in Figure 10 . To verify the feasibility of the proposed thermal error compensation module in the practice of machining, this system was applied to investigate the positioning precision of the milling machine. The testing procedures are described briefly as follows:
(1) Initial running of spindle for 48 h to ensure the measuring points on the machine tool, which can satisfy the desired temperature fields of thermal model. (2) Operating the spindle at 60% of full speed for 400 h-then, turning off the spindle and ensuring the x-y table and the spindle nose return to their initial positions. (3) Performing the test by running the spindle at 90% of full speed for 400 h, in the meantime, recording the displacements of the table on the x-and y-axes and spindle nose on the z-axis. (4) Activating the compensation module to remove the displacement error due to temperature rise. Figure 11 shows the temperature and displacement variations of the working table on the xand y-axes and the spindle nose on the z-axis during the 400 h operations. It is found that the x and y axial displacement variations are within the range of 10-25 μm and 8-20 μm, respectively. While the displacement variation on the z-axis is about 70 μm. The greater displacement variation on the z-axis can be ascribed to the fact that there is a high temperature rise in the spindle unit running at high speed for a long time. It can be expected that this will result in the poor precisions in machining. Figure 11 shows the temperature and displacement variations of the working table on the x-and y-axes and the spindle nose on the z-axis during the 400 h operations. It is found that the x and y axial displacement variations are within the range of 10-25 µm and 8-20 µm, respectively. While the displacement variation on the z-axis is about 70 µm. The greater displacement variation on the z-axis can be ascribed to the fact that there is a high temperature rise in the spindle unit running at high speed for a long time. It can be expected that this will result in the poor precisions in machining. Figure 12 shows the temperature and displacement variations on the x-, y-, and z-axes during the 400 h operations when activating the compensation modulus. In this case, we can find that the maximum displacement variations on the x-and y-axes are within 30 and 20 μm, respectively. While the displacement variation on the z-axis is about 40 μm. It is apparent that the displacement error on the z-axis was controlled within a small range by the compensation module.
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Since the displacement variations on the y-and z-axes are still beyond the desired range, we adjusted the control parameters of compensation module and conducted the test again following the previous procedures. Figure 13 shows the temperature and displacement variations on the x-, y-, and z-axes during the 400 h operations when activating the modified compensation module. In this case, the maximum displacement variations on the x-and y-axes are controlled within 14-20 μm and Figure 12 shows the temperature and displacement variations on the x-, y-, and z-axes during the 400 h operations when activating the compensation modulus. In this case, we can find that the maximum displacement variations on the x-and y-axes are within 30 and 20 µm, respectively. While the displacement variation on the z-axis is about 40 µm. It is apparent that the displacement error on the z-axis was controlled within a small range by the compensation module.
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Machining Test
After several times testing of the compensation system, the displacement variations on the xand y-axes was controlled to be less than 20 μm, and the displacement variation of the spindle tool center point (TCP) also was controlled within in 20 μm. Finally, we conducted the machining test to 
After several times testing of the compensation system, the displacement variations on the xand y-axes was controlled to be less than 20 µm, and the displacement variation of the spindle tool center point (TCP) also was controlled within in 20 µm. Finally, we conducted the machining test to verify performance of the compensation system in machining applications. The workpiece material is aluminum with the size of 200 mmˆ200 mmˆ50 mm. The cutter is a three flute carbide ball end mill with radius of 3 mm and length of 120 mm. The machined parts are shown in Figure 14 . A detailed visual examination reveals that the workpiece machined under the activation of the compensation system shows a finished surface, but there are some stripes on the workpiece machined without thermal compensation. The surface accuracy was further examined for workpieces under machining with and without the activation of the thermal compensation system. The surface accuracy of the machined parts without thermal compensation is´25 µm (minimum) and 21 µm (maximum). Figure 14b is machined parts under compensation and the surface accuracy is´14 µm (minimum) and 1 µm (maximum). The overall efficiency is increased by 33%. This result indeed demonstrates the feasibility of the compensation module for reducing the thermal errors in practical machining applications. 
After several times testing of the compensation system, the displacement variations on the xand y-axes was controlled to be less than 20 μm, and the displacement variation of the spindle tool center point (TCP) also was controlled within in 20 μm. Finally, we conducted the machining test to verify performance of the compensation system in machining applications. The workpiece material is aluminum with the size of 200 mm × 200 mm × 50 mm. The cutter is a three flute carbide ball end mill with radius of 3 mm and length of 120 mm. The machined parts are shown in Figure 14 . A detailed visual examination reveals that the workpiece machined under the activation of the compensation system shows a finished surface, but there are some stripes on the workpiece machined without thermal compensation. The surface accuracy was further examined for workpieces under machining with and without the activation of the thermal compensation system. The surface accuracy of the machined parts without thermal compensation is −25 μm (minimum) and 21 μm (maximum). Figure 14b is machined parts under compensation and the surface accuracy is −14 μm (minimum) and 1 μm (maximum). The overall efficiency is increased by 33%. This result indeed demonstrates the feasibility of the compensation module for reducing the thermal errors in practical machining applications. 
Conclusions
This study aimed to develop a compensation system for controlling the thermal induced positioning error of a CNC milling machine. The compensation system based on the data-driven thermal model was implemented on a milling machine and then verified through the machining test. According to the results, some conclusions can be drawn as follows:
1.
Selection of the locations for sensing the temperature fields of the machine tool is very important for establishing the correct thermal model. We first used 14 temperature sensors to examine the real temperature fields around the machine, from which the four major sensing points were selected. 2.
Through the proposed thermal compensation system, the displacement variations on the x-and y-axes and the position error at the tool center can be controlled within 20 µm.
3.
Application of the thermal compensation system in milling operation examinations of the machined surface reveal that the surface accuracy can be controlled within´14 µm (minimum) and 1 µm (maximum) under the activation of the compensation system. Compared with the machined surface without thermal compensation, the overall efficiency is increased by 33%. The feasibility of the compensation system was successfully demonstrated in application in the milling operation.
Finally, the proposed compensation system was developed for a three-axis milling machine. For application on four-or five-axis machine tools, the thermal model should be established following the proposed method. However, this would be a hard task since there are more heat sources in the rotary table and swivel head to be examined, which may cause the displacement errors of the rotational axis. This will be part of our future studies and experiments on multiple-axis machine tools.
